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This paper presents a stability study on the collapse mechanisms of a plane-strain tunnel face in c-¢ soils using
the upper bound finite element method with rigid translatory moving elements (UBFELA-RTME) and nonlinear
programming technique. Practical considerations are given to the unlined length influence behind the tunnel
face. An advanced mesh adaptive updating strategy is adopted, aiming to improve the computational efficiency,
the accuracy of upper-bound solutions, as well as the produced collapse mechanisms. The unlined length in-
fluence on the face stability and collapse mechanism of the tunnel face are determined with various combinations
of tunnel depth ratios, soil friction angles, and dilatancy angles. Using the UBFELA-RTME with the Davis’s
approach and a mesh adapting strategy, the non-associated plasticity flow rule can be well approximated. The
developed technique was validated against different numerical methods, and it is concluded that the tunnel face
stability can be improved by increasing soil friction and dilatancy angles, and yet weakens as the unlined length
increases where a mesh-liked collapse zone gradually appears on the tunnel vault top. It gradually evolves to a
global collapse failure till the ground surface. The findings contribute to a better understanding of the ground

surface failure under the unlined support length influence in tunnel construction.

1. Introduction

Soil stability study related to the collapse mechanisms of a tunnel
face is a classical but still ongoing field of research. Various methods of
investigation were adopted for this problem. Experimental tests, such as
physical tests and centrifuge modeling (Atkinson and Potts, 1977,
Schofield, 1980; Mair et al., 1993; Chen et al., 2013), were employed to
study the ultimate surface pressure to sustain the tunnel face stability as
well as to study the associated collapse mechanisms. Based on the limit
equilibrium concept, Eisenstein and Samarasekara (1992) analyzed the
stability of unsupported shallow tunnels in clay with finite element
analysis, whilst Anagnostou and Kovari (1994) investigated the limit
support pressure needed for maintaining the tunnel face stability.
Jancsecz and Steiner (1994) also studied the stability of a shield tunnel
face according to the equilibrium of sliding wedges.
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Based on the works presented by Drucker et al. (1951, 1952) and
Chen (1975), limit analysis proved to be an efficient method, and in the
past decades, it has been widely applied to the problem of tunneling face
stability of underground openings (see e.g., Davis et al., 1980; Leca and
Dormieux, 1990; Mollon et al., 2010; Lee and Nam, 2001; Subrin and
Wong, 2002; Lee et al., 2003; Fraldi and Guarracino, 2009; Huang and
Song, 2013, Yang and Huang, 2013; Zhang et al., 2017, Zou et al., 2019,
Li et al., 2021). Using upper and lower bounds finite element limit an-
alyses (FELA) with linear programming, Sloan and Assadi (1994) stud-
ied the undrained stability of a heading under surcharge loading.
Augarde et al. (2003) extended the linear programming to non-
homogeneous soils based on improved solution algorithms using
nonlinear programming. Shiau et al. (2004, 2006, 2021), and Lai et al.
(2022a, 2022b) adopted the latest FELA to various geotechnical stability
applications. The flow rule influence on a stability problem was

Received 9 December 2022; Received in revised form 1 June 2023; Accepted 6 June 2023

Available online 17 June 2023

0266-352X/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:F.Lai-1@tudelft.nl
mailto:laifengwen@163.com
www.sciencedirect.com/science/journal/0266352X
https://www.elsevier.com/locate/compgeo
https://doi.org/10.1016/j.compgeo.2023.105576
https://doi.org/10.1016/j.compgeo.2023.105576
https://doi.org/10.1016/j.compgeo.2023.105576
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compgeo.2023.105576&domain=pdf
http://creativecommons.org/licenses/by/4.0/

X. Zheng et al.

discussed by Lai et al. (2022b) using the displacement finite element
analysis (FEA) and a so-called “Davis approach” (Davis, 1968). Yang
et al. (2016) analyzed the tunnel face stability subjected to a surcharge
loading using the upper bound finite element method with rigid trans-
latory moving elements (UBFELA-RTME). It was shown to be a more
efficient numerical strategy to identify the underlying collapse mecha-
nisms (Yang et al., 2014). In addition, it should be pointed out that other
numerical methods including traditional mesh-based method, meshfree
method and hybrid mesh-meshfree method can also be applied for
analyzing the stability of the tunnel face. However, as the main focus of
this study is to determine the unlined length effect on the tunnel face
stability and collapse mechanisms using the UBFELA-RTME with
advanced mesh adaptive strategies, more details regarding other nu-
merical methods especially for those meshfree/mesh-meshfree methods
are omitted and they can be found in some previous studies (Nguyen
et al., 2008, 2023; Zheng et al., 2021, 2022).

Most of previous studies focused on the assumption that either the
excavated tunnel has an infinitely stiff lining or is subjected to a constant
internal pressure. This is especially true for shield-driven tunnels.
Nevertheless, in New Austrian Tunneling Method (NATM), no support-
ing pressure is applied on the tunnel face due to the open-face excava-
tion. Besides, there are unlined sections at the tunnel face rear, as
supporting structures are not easy to install close to the tunnel face due
to the tunneling operations. This unlined section may lead to a reduction
of tunnel face stability, and even to a collapse. Therefore, being on the
safe side, it is reasonable to consider both unlined sections and no
supporting tunnel face in a tunnel design.

Based on the above discussions, the main objective of this study is to
investigate the unlined sections effect on the stability and collapse
mechanisms of a tunnel face in c-¢ soils. Using the UBFELA-RTME
method, advanced mesh adaptive updating strategies are introduced
to improve the computational efficiency, the accuracy of numerical so-
lutions, and the refinement of collapse mechanisms. A series of
nonlinear upper bound finite element analyses considering various
values of dimensionless unlined lengths L/D, tunnel buried depths H/D,
soil frictional angles ¢, and dilatancy angles y are performed. The var-
iations of the stability number N and of the tunnel face collapse mech-
anisms with L/D, H/D, ¢, and y are also studied. Stability charts as well
as the associated collapse mechanisms are presented for practical
references.

2. Problem definition
Fig. 1(a) shows the problem definition, where an idealized plane-

strain tunnel face stability model in c-¢ soils with a tunnel height D
and depth H is presented. The soil mass is assumed to be a uniform Mohr-
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Coulomb material, and has a unit weight y, drained friction angle ¢, and
cohesion c, as well as a dilatancy angle y. The ground surface is hori-
zontal with no surcharge loading, and the tunnel collapse is assumed to
be only initiated by the soil self-weight action. At the tunnel roof, an
unlined heading of length L is located between the rigid lining and the
tunnel face. The unlined sections at the rear-bottom of tunnels have
practically no influence on the tunnel face stability (Senent et al., 2020),
they are therefore not considered in the present study.

A typical finite element model with mesh discretization and
boundary conditions for the proposed upper bound problem is shown in
Fig. 1(b). The extents of the domain are denoted as Ly, Ly and L3, and
they are chosen to be sufficiently large to ensure no boundary effects on
the obtained results. For the boundary conditions, u = 0 and v =
0 represent “fixed” condition in the x and y directions respectively. The
domain is artificially discretized into a series of three-node rigid trian-
gular elements with a gradually reduction of size towards the tunnel
face. Each node remains unique to a particular element, and therefore,
velocity discontinuities can be allowed along all interfaces between
elements.

The tunnel face stability is studied using a dimensionless stability
number N that is a function of L/D, ¢, y, and H/D and is expressed using
equation (1).

N:]/D/C:f(L/D,QS,l/I,H/D) @

With the given values of D and c, the N values can thus be calculated
by substituting the obtained y values from the analysis output (this will
be further explained in the next section). In all analyses, L/D ranges from
0 to 0.6, ¢ from 0° to 35°, w from 0° to 35°, and H/D from 1 to 4. Notice
that, in this study, the c-¢ soils are considered to be homogeneous. In
reality, though, it is particularly likely that there will be significant
uncertainties in the soil properties. These uncertainties may have
considerable effects on the obtained deterministic solutions, and their
influences will be determined by incorporating different types of model
uncertainties (Ding et al., 2019; Hauseux et al., 2017; Rappel et al.,
2018, 2019, 2020) in a future study.

3. Mesh adaptive updating strategy and UBFELA-RTME

As stated in Yang et al. (2015a), rigorous solutions to the ultimate
failure characteristics of geotechnical problems and their associated
collapse mechanisms can be obtained by using mesh-liked rigid block
systems in the UBFELA-RTME. In this method, a refined initial mesh is
beneficial for obtaining more rigorous upper-bound solutions and the
associated failure modes. Nevertheless, it would greatly increase the
computational effort, making the solving process of nonlinear pro-
gramming become quite difficult. This is particularly for soils with high
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Fig. 1. Problem definition: (a) geometric layout and (b) mesh discretisation and boundary conditions.
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friction angles, where the dilatancy effects cannot be ignored and the
assumption of associated flow rule of the upper bound theorem becomes
unrealistic to evaluate (Sloan, 2013). To overcome these difficulties and
improve the accuracy of upper-bound solutions, a mesh adaptive
updating strategy is proposed and implemented in MATLAB. The strat-
egy consists of (1) elements merging and eliminating, (2) mesh refining,
and (3) mesh inheritance and correction. More details are explained as
follows.

Yang et al. (2015a) showed that only a small part of the velocity
discontinuities is truly active during the optimization process. Thus, the
mesh division for the UBFELA-RTME can be updated by selectively the
merging adjacent elements with no-relative velocity and then elimi-
nating those with zero areas. As an example, the major merging and
eliminating process for the element ACD is shown in Fig. 2(a). Note that
the adjacent element with an identical side AD is merged and elimi-
nated. For mesh refining, it was found that the collapse mechanisms are
mainly comprised of several groups of velocity discontinuities in the
main collapse zone that resembles to slip lines. Therefore, mesh refining
in major collapse areas may directly affect the accuracy of the upper
bound solutions and the collapse mechanisms refinement. Fig. 2(b)
presents a mesh refining strategy, combined with element merging and
eliminating steps, with one mother element (I) discretizing into eight (II)
or four (IIl or IV) child elements. For smaller soil friction angles, a
suitable initial solution is always easier to obtain using UBFELA-RTME.
Therefore, the final mesh division can be inherited as the initial mesh for
soils with higher friction angles. The drawback due to the associated
flow rule assumption can be also remediated to some extents using the
proposed strategy, which will be discussed below. To achieve this, the
mesh updating strategy and some small necessary corrections are
required during the optimization process. It should be pointed out that
different refinement criteria may have a nonneglectable impact on the
final pattern of refined meshes. Therefore, there are alternatives to
simple goal-oriented mesh adaptation strategies (Gonzalez-Estrada
etal., 2014, Bulle et al., 2023), which might be suitable for the UBFELA-
RTME but are not studied. In addition, as mesh refinements in major
collapse areas with high energy dissipation velocity discontinuities are
performed in this study, which is slightly different from that in the
traditional FEM with finite elements undergo plastic deformation.

Considering UBFELA-RTME, a nonlinear programming model for the
tunnel face stability is formulated by minimizing the power dissipated
along all velocity discontinuities minus the soil self-weight work. The
objective function and constraints of this nonlinear optimization prob-
lem can therefore be presented as follows:

ng

Yo=Y Pui @)
i=1

where y,, is the critical unit weight of the soil mass that a tunnel face
can withstand, and it is subjected to the following constraints (equations
(3.1) to (3.12)).
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Eq. (3.1) ensures the associated flow rule along the velocity dis-
continuities and Eq. (3.2) makes sure that each element area remains
positive. According to the upper bound theorem, Eq. (3.3) stipulates that
the objective function is equal to the critical unit weight of soils. Egs.
(3.4) to (3.12) define the constraints along other boundaries, respec-
tively. Note that all elements’ velocities and nodal coordinates are
treated as decision variables to be determined. More details of the
formulation can be found in Yang et al. (2015a, 2015b).

(b)
Mesh Refining

Element Merging
and Eliminating

Y=

Fig. 2. Main principle of mesh adaptive updating: (a) element merging and eliminating; (b) mesh refining.
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4. Consideration of flow rule

It is well known that the FELA is limited to soils with an associated
plasticity (¢ =), which is not realistic for soils in general. Tschuchnigg
et al. (2015a, 2015b) and Schmudderich et al. (2022) demonstrated that
the flow rule effect on some boundary value problems (e.g., stability of
steep slopes, passive earth pressure problems) would be significant and
cannot be neglected. As highlighted by Lai et al. (2022b), the drawback
due to this assumption can be remediated to some extents by running
FELA analyses where non-associated flow (¢ < y) is approximated with
reduced strength parameters from Davis’s approach(Davis, 1968) or by
running displacement finite element analyses (FEA) where a non-
associated plasticity can be considered. Using a reduction factor j, the
Davis’s approach to obtained reduced soil strength parameters can be
written using Eq. (4).

¢ =pec (4.1)

¢ = prang (4.2)
_ cosycos

b= 1 — sinysing (4.3)

Indeed, the flow rule influence on the tunnel face stability problems
in soil with high friction angles is still unclear yet requires further
investigation. This will be determined in this paper using the Davis’s
approach.

5. Comparison and validation
5.1. Soil with low friction angle

To validate the effectiveness of the UBFELA-RTME with the mesh
adaptive updating strategy in soils with low friction angles, Fig. 3 pre-
sents the mesh adaptive updating process for tunnel face with L/D = 0.4,
H/D =2, ¢ =5° and y/¢ = 1. The initial structured mesh discretization
gives similar results to the ones shown earlier in Fig. 1 (b), and the initial
numbers of elements n,, nodes n,, and velocity discontinuities n, are
391, 221, and 562, respectively. The deformed mesh is presented in
Fig. 3(a), and the updated mesh is shown in Fig. 3(b) after substituting
the optimized nodal coordinates into the initial mesh. The respective n,,
nn, and n, values reduce to 49, 33, and 66. Based on this updated mesh,
the obtained N value is equal to 2.22, which is 0.45% lower than the
initial value of 2.23. The proposed mesh significantly reduced the
computational scale of the model, and substantially improved the upper
bound solutions.

To further improve the solutions accuracy, the mesh refining strategy
is repeatedly performed, and the final updated mesh is presented in
Fig. 3(c). The corresponding N value is equal to 2.21 for Fig. 3(c), and it
is 0.9% smaller than for the one presented in Fig. 3(a). It was found that
by repeatedly performing the adaptive mesh refining process, it is
possible to improve the solution accuracy and produce a more refined

Distance, x/D

-1.0 0 1.0 2.0 3.0 4.0 50 -2 -1.0 0

Distance, x/D

1.0

Computers and Geotechnics 161 (2023) 105576

collapse mechanism. The main drawback is the increased CPU time
during the nonlinear optimization due to the increase of the computa-
tional scale. This is similar to the traditional displacement finite element
method, in which convergence study is required to determine the best
possible mesh for a limited number of elements. In order to keep a good
balance between the prescribed accuracy and computational time, it is
suggested to have a rational number of repeated processes for the mesh
refinement using the proposed mesh updating strategy. It should be
noted that the greater significance of the mesh adaptive updating
strategy lies on mesh inheritance and correction. This is especially
important for soil with high friction angles. Computational experience
suggested that an accurate solution cannot be directly obtained merely
based on an initial mesh division. It is also concluded that the proposed
upper bound solutions for high values of ¢ are more sensitive to the
mesh divisions.

To validate the stability number in soil with low friction angle, the N
values calculated based on L/D = 0 (i.e., an infinitely strong lining) are
compared with those of Davis et al. (1980) and Sloan and Assadi (1994)
with ¢ = 0° as well as with Yang et al. (2015) with ¢ ranging from 5° to
20°. The comparison is shown in Fig. 4. In general, these results are in
good agreement. For ¢ = 0°, the present results are based on the average
between the upper and lower bound solutions of Sloan and Assadi
(1994). They are slightly greater than those lower bound solutions of
Davis et al. (1980). For ¢ > 0°, the present results compare extremely
well with the upper bound solutions of Yang et al. (2015a). The use of
the proposed strategy in soils with higher friction angles will be dis-
cussed in the following parts.

—a— UBFELA-RTME (Present study)
x  UBFELA (Yang et al. 2015)
A UBFELA (Sloan and Assadi, 1994)
o LBFELA (Sloan and Assadi, 1994)
¢ LB (Davis et al, 1980)

2 o
4v;\‘\1\1 ¢:ISD
3t 5
o ¢:1?
219 2 =5
1L s J #=0
1 2 3 4
H/D

Fig. 4. Comparison of N between the proposed solutions and the previous so-
lutions with L/D = 0, H/D = 2, ¢ = 5°, and y/¢ = 1.
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Fig. 3. Application of mesh adaptive updating in stability problem of the tunnel face.



X. Zheng et al.
5.2. Soil with high friction angle

The feasibility of the UBFELA-RTME with the mesh adaptive
updating strategy in soils with high friction angle is examined through
examples with L/D = 0.4, H/D = 2, ¢ = 35° for w = 0° (non-associated)
and y = 35° (associated). Table 1 presents a comparison of the stability
number N obtained by the UBFELA-RTME, the UBFELA (Optum G2)
(Krabbenhgft, 2019) and standard FEA (Plaxis 2D) (Brinkgreve et al.,
2019) with different numbers of elements. It can be observed that the
value of N from the UBFELA-RTME with 328 rigid triangle elements
(associated) matches quite well with FEA-Plaxis 2D with 6682 elements
(associated), and with UBFELA-Optum G2 with 3150 elements (associ-
ated). This confirms that the UBFELA-RTME can provide sufficiently
accurate results with very few elements, which indicates a relatively
high computational efficiency. Although adaptive mesh refinement
technique is also involved in Optum G2, it still requires 8-10 times of the
total number of elements to yield the almost same values of N as the
UBFELA-RTME and the FEA.

Numerical results for the flow rule influence on the stability number
are also presented in Table 1. The excellent agreement of the stability
number N for non-associated materials between the UBFELA-RTME with
the Davis approach and standard FEA can be observed. The UBFELA-
RTME with the Davis approach (2500 elements) agree well with the
Optum G2 with the Davis approach (2500 elements) and the FEA-Plaxis
2D (6682 elements). Therefore, it can be concluded that using the
UBFELA-RTME with the Davis approach can well reproduce the flow
rule influence on the tunnel face stability with an unlined length in high
friction angle soils.

The comparison of tunnel face collapse mechanisms in associated
materials (¢ = w = 35°) obtained from three numerical methods are
presented in Fig. 5. The FEA result is shown using total displacement
contours, while FELA results are shown with final adaptive meshes.
From Fig. 5, it can be found that the UBFELA-RTME provides a clear
collapse mechanism (conical shape), which matches quite well with the
FEA result. For Optum G2, although shear bands can be observed
through a mesh refinement, the whole collapse zone is not clearly
identified. Therefore, the merits of the UBFELA-RTME are on the one
hand to provide accurate numerical solutions, e.g., the stability number
and collapse mechanism for a stability problem, and on the other hand
to well approximate a non-associate flow rule combining with the Davis
approach. In the following work, the dilatancy angle influence on the
stability and collapse mechanisms is also discussed using the UBFELA-
RTME with the Davis approach.

5.3. Mesh convergence study

To further demonstrate the suitability of the proposed mesh adaptive
scheme, Fig. 6(a) gives the relationship between the obtained stability
number N and the total number of elements for the tunnel face with H/D
=2 and ¢ = 10°. It can be seen that more rigorous upper bound solution
are gradually obtained when the total number of elements increases.
This convergent solution confirms the computational performance of the
proposed adaptive scheme. More quantitatively, Fig. 6(b) displays the
relative error e, of the obtained values of N upon mesh refinement,

Table 1
Comparison of stability number N from different numerical methods.
Numerical method Element number Flow rule N
UBFELA-Optum G2 328 Assoc. 8.526
(Adaptive) 3150 Assoc. 7.374
Assoc.-Davis Assoc.-Davis 4.888
Assoc. 6.144
UBFELA-RTME 328 7.371
(Adaptive) 337 Assoc.-Davis 6.148
FEM-Plaxis 2D 6682 Assoc. 7.342

6682 Non-assoc. 6.147

Computers and Geotechnics 161 (2023) 105576

which is defined as follows:

_NfN*

& =57 5)

where N* is the reference stability number, and it is defined as the
average value between the upper and lower bound solutions calculated
using Optum G2 (with a total number of 10,000 elements). A gradual
reduction in the value of e, upon adaptive mesh refinement is observed,
with a convergence rate varying between 1 and 2 as the major collapse
domain is more finely discretised. This finding confirms the feasibility of
integrating the proposed mesh adaptive schemes with the UBFELA-
RTME.

6. Parametric studies and design charts

The effects of unlined lengths L/D on the tunnel face stability number
N are presented in Fig. 7 for different values of H/D with ¢ = 15° (Fig. 7
(a)) and ¢ = 35° (Fig. 7(b)). The N values decrease almost linearly for
soils with lower friction angles (¢ = 15°) and non-linearly for soils with
higher friction angles (¢ = 35°) as L/D increases. The presence of un-
lined sections weakens the tunnel face stability, and therefore N de-
creases as L/D increases. The decrease rate is more pronounced for soil
with large value of ¢ (as shown in Fig. 7(b)). In addition, for small values
of ¢ (Fig. 6(a)), the greater the H/D, the lower the N. Interestingly, as
shown in Fig. 7(b), for large values of ¢ = 35°, the parameter H/D has a
negligible effect on the stability number N. It can be well explained by
the strong soil arching effect due to the high frictional materials (Shiau
and Al-Asadi, 2018, 2021). The depth influence on the tunnel face sta-
bility N would become very slight as the soil arching effect increases in
particularly for high friction angles (e.g., ¢ = 35°). This would be further
explained using the corresponding failure mechanisms in a later section.

The dilatancy angle (flow rule) influence on the stability number N is
also explored in Fig. 7. Note that /¢ = 1 represents that soil obeys the
associated flow rule, and y/¢ < 1 represents a soil which obeys a non-
associated flow rule. As expected, the N value increases with
increasing the dilatancy angle. This effect would be more pronounced
for higher friction angles. One can find that the difference of N between
w/¢ =0 and y/¢ =1 for ¢ = 35° is larger than for ¢ = 15°. It illustrates
that the dilatancy angle (flow rule) effect on the stability number is
required to be considered in the design of tunnelling, in particularly for
strong frictional materials. The Davis approach has been confirmed as an
alternative way to approximate the dilatancy angle effect on the stability
number. Therefore, practical design charts can be given in materials
following associated flow rule (/¢ = 1) and with reduced strength
parameters from the Davis approach.

To quantify the L/D effect on the tunnel face stability, an influence
coefficient K is introduced. It is defined by ratios of the N values with
non-zero L/D to those with L/D = 0. Fig. 8 shows the variations of K,
with L/D under different values of ¢ (0° to 20°) and H/D. The results
indicate that the K, values decrease approximate linearly with L/D. For
all considered cases, the reduction in K, can be up to 40%. The tunnel
face stability is significantly affected by the unlined sections.

Fig. 9 shows the variation of stability number N against ¢ for
different considered values of L/D and H/D. For such comprehensive
design charts, in general, the values of N increase nonlinearly with an
increase in ¢, and this increased tendency becomes apparent for ¢ > 15°.
This trend can be explained by the soil arching effect with greater values
of ¢. With the arching effect existence, the soil mass can resist a greater
loading and therefore the tunnel face is more stable. In addition, for all
considered tunnel geometries and soil conditions, the values of N are
found to vary between 1.23 and 9.28. Note that a specific dilatancy
angle can be specified to calculate the newly replaced values of ¢ and ¢
using equations (4.1) to (4.3), so as to study the effect of non-associated
flow rule.
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Fig. 5. Comparison of collapse mechanism obtained from UBFELA-RTME, FEA and UBFELA with L/D = 0.4, H/D = 2, ¢ = 35°, and y/¢ = 1.
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7. Collapse mechanisms

The tunnel face collapse mechanisms with the unlined sections
presence are discussed in this section. Using the UBFELA-RTME, the
collapse mechanisms are shown with “active” velocity discontinuities
and model boundaries. The presented mechanisms are based on a series
of mesh adaptive updates with deletions of the non-active ones. As
shown in Fig. 10, the tunnel face collapse mechanisms consist of two
groups of active velocity discontinuities (black lines) and two
completely rigid blocks at the unlined section top and in the major
collapse zone respectively. For a better interpretation, the absolute ve-
locities are superimposed, where the red regions indicate elements with
greater velocities and the light blue regions indicate elements with small
velocities. In the following, the effects of L/D, H/D, and ¢ on the vari-
ations of collapse mechanisms are discussed.

7.1. Effect of unlined length L/D

As shown in Fig. 10(a), the conical tunnel face collapse mechanism
primarily consists of a mesh-liked translational and rotational move-
ments of soils in front of the tunnel face. Note that the collapse zone
gradually extends to the ground surface to form a global failure mech-
anism. In addition, elements with the maximum absolute velocities are
only located in local areas just in front of the tunnel face. They can be
identified by the shear bands, and indeed, these collapse mechanisms
are similar to the rigid block mechanisms proposed by Leca and Dor-
mieux (1990) and Mollon et al. (2010).

On the other hand, with the unlined section (L/D > 0), the collapse
patterns (Fig. 10(b)-10(d)) are mainly comprised by two mesh-liked
collapse areas, locating on the top of the unlined section and at the
front of the tunnel face. As L/D increases, the stability number N de-
creases, and the area of collapse zone increases. It can therefore be
concluded that the presence of a local collapse area on the tunnel top
vault would directly weaken the tunnel face stability and significantly
reduce the bearing loading that can be resisted by the soil mass. The
collapse zone on the unlined section top would play a dominant role in
the whole collapse mechanisms as L/D > 0. Noting that elements with
the maximum absolute velocities are densely distributed near the local
area on the unlined section top and at the tunnel face front, the collapse
mechanisms are greatly changed and are quite different from those with
zero unlined length (Fig. 10(a)). Moreover, as the unlined section length
increases, the lining constraint on the soil mass tends to reduce, and this
leads to a decrease in the values of absolute velocities. It is recom-
mended that more attention has to be given to the tunnel vault collapse
on top of unlined sections during tunnel construction.
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7.2. Effect of soil friction angle ¢

The values of ¢ also have a pronounced influence on both the scopes
and forms of the collapse mechanism. Fig. 11 shows the changes in
collapse mechanisms with various values of ¢ for the case of L/D = 0.3
and H/D = 2. The collapse mechanisms showed that, with an increase in
¢, the overall collapse zone decreases and the stability number N in-
creases. It is interesting to observe the relative movements between
blocks. The velocity discrepancy (i.e., the differences of regional color)
becomes more intensive for soils with high values of ¢. This finding also
explains the difficulty in obtaining effective initial solutions for high
values of ¢ as well as the associated collapse mechanisms.

7.3. Effect of tunnel buried depth H/D

To study the influence of the tunnel buried depth H/D on the tunnel
face collapse mechanisms, cases for L/D = 0.4 and H/D varying from 1 to
4 are selected and they are shown in Figs. 11 and 12 respectively for ¢p =
20° and 35°. For soils with small values of ¢ = 20° in Fig. 12, the major
tunnel face collapse mechanisms and absolute velocities of elements are
proportionally similar to each other in spite of the H/D changes. The
collapse zone increases dramatically and gradually extends deeper with
an increase in H/D. For the considered buried depth ratios H/D =1 to 4,
the collapse zones extend to the ground surface (global failure). It would
result in an active subsidence of the ground surface on the top and before
the tunnel face. The widths of the active ground subsidence zone along
tunnel excavation direction are found to increase from 0.83D to 1.34D
with H/D varying from 1 to 4. The resulting stability numbers also
decrease from 4.42 to 3.76 as H/D increases.

For ¢ = 35°, Fig. 13 shows the variations of the collapse mechanisms
with H/D varying from 1 to 4. In the shallow case such as those shown in
Fig. 13(a) and 13(b), the major collapse zones extend to the ground
surface, in spite that the width of the active ground subsidence zone is
smaller when it is compared with in the one in Fig. 12 (¢ = 20°).
Nevertheless, with a further increase in H/D, as shown in Fig. 13(c) and
13(d) for H/D = 3 and 4, a local failure pattern is found and the slip
surface does not extend to the ground surface, which is a typical collapse
form for deep tunnels. The major tunnel face collapse zones remain
nearly unchanged. It is interesting to see that very small changes in the
stability numbers as H/D increases. These observations compare well
with those reported in Yang et al. (2017).

7.4. Effect of dilatancy angle ratio y/¢

The parametric studies have shown that the dilatancy angle y/¢
effect on the stability number is more pronounced for a higher friction
angle. To examine the dilatancy angle effect on the collapse
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Fig. 10. Effect of unlined length L/D on collapse mechanism of tunnel face with H/D = 2, ¢ = 25°, and y/¢p = 1.
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mechanisms, a comprehensive comparison between y/¢ = 0 and y/¢ =
1 for ¢ = 35° under various tunnel buried depths H/D is given in Fig. 13
and Fig. 14. For shallow buried tunnels (e.g., H/D = 1 and 2), although
similar collapse mechanisms can be observed, there is a significant dif-
ference in the width of the active ground subsidence zone along the
tunnel excavation direction between y/¢ = 0 and y/¢ = 1. A larger
width for y/¢ = 0 is obtained, indicating weaker performance on tunnel
face stability. It is of great interest that, for deep buried tunnels (e.g., H/
D = 3 and 4), quite significant differences in collapse mechanism are
observed, being one extending to ground surface (non-associate; Davis’s
approach), yet the other (associate) not.

In summary, the presented collapsed mechanisms in Fig. 10 dem-
onstrates that unsupported tunnel face would compromise the tunnel
stability, a larger unlined length enlarges the collapse zone. The pre-
sented tunnel face collapse mechanisms in Figs. 11-14 would suggest
that the influence of H/D on the collapse mechanisms can be greatly
affected by the values of ¢ and y. For soils with higher values of ¢ and v,
the localized collapse arch on the tunnel vault top is more likely to form,
as the soil arching effect enables the tunnel face to withstand larger
loading and the tunnel heading becomes more stable.

8. Conclusions

This study investigated the stability and collapse mechanism of
tunnel faces in c-¢ soils under the influence of unlined lengths L/D.
Using the UBFELA-RTME with the proposed mesh adaptive updating
strategy, both the accuracy of stability numbers and the associated
collapse mechanisms have been significantly improved. The variations
of the stability number N, the influence coefficient K, and the associated
collapse mechanisms for various values of L/D, H/D, ¢ and y were also
discussed. The following conclusions can be drawn based on the current
study.

(1) The values of N and K, decrease almost linearly with L/D and H/
D, but increase with ¢ and y. The presence of unlined sections
tends to decrease the tunnel face stability up to a maximum of
40%.

(2) With the presence of unlined sections, a locally mesh-liked
collapse area gradually emerges on the top of this unlined sec-
tion, which directly weakens the tunnel face stability, and it
would further dominate the whole collapse mechanism with a
further increasing L/D.
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(3) The influence of H/D on the stability and collapse patterns of
tunnel face is largely related to the values of ¢. In some specific
cases (¢ > 30°), the collapse zones of tunnel faces remain nearly
unchanged as H/D increases. Owing to the soil arching effect, the
failure zone does not extend to the ground surface, resulting in a
local failure mechanism.

(4) The use of the UBFELA-RTME with the “Davis approach” and the
proposed mesh adaptive updating strategy is a satisfactory
alternative to approximate the non-associated plasticity. For high
frictional materials, the dilatancy angle would significantly in-
fluence both the collapse mechanism and the stability number.

This research provides an improved understanding of both the sta-
bility and collapse mechanism of the tunnel face with the unlined sec-
tions influence. The current study paves the way for future researches
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with 3D analyses on the stability effects of unlined length of square and
rectangular tunnels, as well as their associated collapse mechanisms. In
addition, it is particularly interesting to address the impact of soil
property uncertainties by incorporating advanced uncertainty models in
a future study.
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